Bacteria that utilize methane form the base of a food chain, independent of photosynthesis, near oceanic cold gas seeps (Childress et al. 1986 , Fischer 1990 , Cavanaugh 1993 . However, the incorporation of methanotrophic bacterial pathways into food webs in freshwater ecosystems, where anaerobic methanogenesis provides large quantities of biogenic methane, has not been well documented (Hanson & Hanson 1996) .
Thermogenic and especially biogenic methane is depleted in 13 C with respect to all photoautotrophic primary producers of organic carbon ). Additional fractionation of 13 C during microbial oxidation of methane results in unusually low levels of δ 13 C in methanotroph biomass compared to all other organisms in nature . Thus, the incorporation of methanotrophs into the food chains of metazoan organisms should be easily recognized from the carbon stable isotope ratios of consumers. The incorporation of methane in marine animals bearing symbiotic methane-oxidizing bacteria was confirmed by the very light δ 13 C values (-74 to -45 ‰) of their tissues. These animals included bivalve mollusks from the Florida Escarpment (Paull et al. 1985 , Cary et al. 1989 ) and the Louisiana hydrocarbon seep sites in the Gulf of Mexico (Kennicutt et al. 1992) , and a small pogonophore, Siboglinum poseidoni, dwelling in sediments from the Skagerrak (Schmaljohann et al. 1990 ). However, methane was not apparently incorporated into non-symbiotic animals inhabiting a North Sea site with an active methane seep, based on δ 13 C measurements (Dando et al. 1991) . In freshwater ecosystems, δ 13 C data have shown that zooplankton in some small lakes selectively feed on food sources isotopically lighter than bulk particulate organic matter, suggesting grazing on methanothrophic bacteria (Bunn & Boon 1993 , Jones et al. 1999 .
In this work we present results of a carbon and nitrogen isotope survey of benthic animals in Lake Biwa, demonstrating the first evidence that methanotrophs support particular species of freshwater metazoan consumers.
Materials and methods. Lake Biwa is the largest lake in Japan with a maximum depth of 104 m and a water volume of 27.5 × 10 9 m 3 . In the last decade the lake has shifted from an oligotrophic to a mesotrophic condition due to increasing eutrophication (Okuda & Kumagai 1995 (Nishino et al. 1998 ). Profundal macrozoobenthos is represented in the lake mainly by oligochaetes with rare chironomid larvae (Mori 1978, T. Narita unpubl.) .
Samples of macrozoobenthos were collected by a grab sampler from March through June 1999 in the middle part of the lake off Shinkai-hama in the 73 to 5 m water depth range. More than 20 grab samples of littoral sand were sampled from 5 m water depth to obtain several samples of diverse chironomid larvae from the single site of a restricted area approximately 200 m 2 . Animals were collected from the sediment after sieving with a 250 µm mesh, kept alive for 48 h in filtered lake water to clean the gut, and then dried at 60°C and ground with an agate pestle and mortar. Generally 3 to 12 individuals of the same species were pooled in each sample.
Carbon and nitrogen stable isotope ratios were analyzed in the 1 mg powdered samples using a CNH analyzer combined with a Finnigan MAT Delta-S massspectrometer through a Conflo-II interface. Isotope ratios were expressed in δ notation as follows:
where X is 13 C or 15 N, and R is 13 C/ 12 C or 14 N/ 15 N. PeeDee Belemnite (PDB) carbonate and atmospheric nitrogen were used as the standards for carbon and nitrogen, respectively. The δ 13 C and δ 15 N values were reproducible with a precision of ± 0.1 ‰.
Results. The stable isotopic ratio survey of profundal macrobenthic invertebrates of Lake Biwa revealed that chironomid larvae of Stictochironomus sp. were unusually depleted in 13 C and 15 N in comparison to other aquatic animals ( Table 1) . Samples of Stictochironomus sp. showed δ 13 C values from -64.0 to -34.3 ‰, much lighter (more negative) than those of other profundal infauna, which exhibited a range of -28.6 to -23.9 ‰. Collected larvae of other chironomid species showed an average δ 13 C value of -27.7 ‰, only slightly lighter (ANOVA, p = 0.0024) than that of oligochaetes (-26.0 ‰), the most abundant animals in the profundal infauna.
The δ 15 N values of Stictochironomus sp. (-1.3 to + 7.2 ‰) were also much lighter (less positive) than those of other profundal infauna samples narrowly clustered in the +10.1 to +13.1 ‰ range. However, there was no significant difference in δ 15 N values between other chironomid species and oligochaete samples (ANOVA, p = 0.79).
More extensive sampling in sandy littoral enabled us to obtain more samples of Stictochironomus sp. and 12 other species of infaunal chironomid larvae for comparative isotopic analysis (Table 1) . Composite samples of Stictochironomus sp. obtained from a limited area showed a very broad range of the δ 13 C values from -45.0 to -23.0 ‰, which were non-normally distributed. Littoral Stictochironomus sp. were significantly 13 C-depleted in comparison to samples of other species of chironomid larvae from this setting (Kolmogorov-Smirnov test, p < 0.01). The δ 13 C values for the latter were narrowly clustered around a mean value of -22.5 ± 0.9 ‰ (n = 27). Littoral samples of Stictochironomus sp., as well profundal samples of this species, were also 15 N-depleted (mean δ 15 N value of + 6.1 ‰) in comparison to other coexisting chironomids (mean δ 15 N value of +10.2 ‰) (Kolmogorov-Smirnov test, p < 0.001). On a dual isotopic plot (Fig. 1) nitrogen isotopic ratios in the other groups of benthic animals from Lake Biwa. Discussion. The extremely light δ 13 C values of Stictochironomus sp. in Lake Biwa are unusual for lake or marine animals. To date, δ 13 C values much lighter than -40 ‰ have only been recorded for marine mollusks and pogonophora harboring methanotrophic bacteria as intracellular symbionts (Paull et al. 1985 , Schmaljohann et al. 1990 , Kennicutt et al. 1992 and there was some indication that freshwater sponge and turbellaria inhabiting a deep-water thermal seeping area in Frolikha Bay, Lake Baikal, also showed light δ 13 C values of up to -60 ‰ (Kuznetsov et al. 1991) .
Basically, the δ 13 C and δ 15 N values of consumers correspond to those of assimilated food with some trophic shift, an increase in 13 C and 15 N in animal tissues: ca +1 ‰ for carbon and + 3.5 ‰ for nitrogen (DeNiro & Epstein 1978 , Minagawa & Wada 1984 . The isotopic composition of main organic matter sources available to consumers of Lake Biwa has been studied (Yamada et al. 1996 (Yamada et al. , 1998 and there are no primary sources in Lake Biwa that have δ 13 C values much lighter than -31 ‰ (Fig. 2) . Particulate organic matter in the Lake Biwa epilimnion showed large seasonal variations in δ 13 C values in the -30 to -13 ‰ range, exhibiting the lowest values (-30 to -28 ‰) in winter through early spring (Yamada et al. 1998 ). However, the isotopic composition of sedimentary organic matter in the profundal zone of the main lake basin was rather constant, both spatially and temporally (δ 13 C values from -25.0 to -23.0 ‰) (Yamada et al. 1996, J. Murase pers. comm.) . Widely distributed in Lake Biwa sulfuroxidizing chemoautotrophic bacteria Thioploca spp. (Nishino et al. 1998) were the most 13 Cdepleted primary producers. Mats of these bacteria collected in March 1999 from different sites in 35 to 70 m water depth range showed similar δ 13 C values of ca -30.0 ‰ ( Table 1) . Detritus of littoral macrophytes (δ 13 C values of -20 to -13 ‰) (Yamada et al. 1998 , S. Kiyashko unpubl. data) and terrigenous organic matter (δ 13 C value ca -27 ‰) (Yamada et al. 1996) , which may be of importance for benthic deposit-feeders, were more 13 C-enriched than either the plankton or sulfur bacteria.
A strong correlation between the littoral Stictochironomus sp. δ 13 C and δ 15 N values (Fig. 1 ) clearly indicates a mixing of nutrition from 2 distinct sources in this species. The first source is mixed detritus derived from various photoautotrophic producers (mean δ 13 C value of ca -23 ‰ and mean δ 15 N value of ca + 6 ‰), which dominates the diet of other coexisting chironomid larvae species. The second source is unknown, but it has been characterized by δ 13 C values lighter than -46 ‰ and δ 15 N values lighter than -4.5 ‰, if we suppose a +1 and + 3.5 ‰ trophic shift for 13 C and 15 N, respectively. We presume that methanotrophic bacteria, which oxidize biogenic methane, could provide a source extremely depleted in both 13 C and 15 N in the lake environment. Freshwater biogenic methane has a mean δ 13 C value of -60 ‰ , Uzaki et al. 1991 ) and methanotrophic bacteria are usually even more depleted in 13 C than the methane on which they grow ). Methane-oxidizing bacteria can also oxidize ammonium (Hanson & Hanson 1996) , and some of them pref- Yamada et al. (1998) , (2) Yamada et al. (1996) , (3) , Uzaki et al. (1991) erentially assimilate ammonium compared to nitrate (Lee & Childress 1994) . Increased concentrations of ammonium in interstitial water can lead to essential fractionation of 15 NH 3 in the course of bacterial assimilation and result in a microbial biomass highly depleted in 15 N (Macko et al. 1987) . It is possible that benthic autotrophic microorganisms that assimilate 13 C-depleted dissolved inorganic carbon, resulting from oxidation of biogenic methane or sedimentary organic matter, can be another isotopically light source for chironomid nutrition. Benthic microalgae were not sampled in this study, and there are no literature data on δ 13 C values of microalgae grown on soft bottom sediment in a freshwater environment. Other benthic autotrophic microorganisms, sulfur-oxidizing bacteria Thioploca spp., are widely distributed in the bottom sediment of Lake Biwa from the littoral to the profundal zone (Nishino et al. 1998) . Thioploca samples collected from various water depths showed a very narrow range of δ 13 C values (from -31.0 to -29.6 ‰) (Table 1) , which are much higher than those expected for the 13 C-depleted chironomid food source (<-46 ‰). Given that colorless sulfur-oxidizing bacteria discriminate against 13 CO 2 to a greater degree than algae do (Ruby et al. 1987 ) , we can expect that benthic microalgae would be less 13 C-depleted than Thioploca. Moreover, substantial growth of algae is unlikely in the dark profundal zone, where the most 13 C-depleted chironomid larvae were collected. From the above reasoning, we can conclude that autotrophic microorganisms which inhabit bottom sediment are less probable sources of extremely 13 C-depleted organic matter for chironomids than methanotrophs are.
The stable isotopic ratios provide evidence that the chironomid larvae Stictochironomus sp., which inhabit the profundal mud and littoral sand bottom of Lake Biwa, can preferentially obtain their carbon from methanotrophic bacteria, in contrast to other species of infaunal invertebrates collected during this study. The presence of additional trophic links between chironomids and methanotrophs would lead to a substantial increase in consumer δ 15 N values because 15 N biomagnification effects ca + 3.5 ‰ in trophic transfer (Minagawa & Wada 1984) . Extremely low δ 15 N values of some Stictochironomus samples suggest that direct feeding of chironomid larvae upon 15 N-depleted methanotrophs is more probable than indirect pathways, including ingestion of the protists or metazoan meiofauna eating the bacteria.
The nature of feeding association between Stictochironomus sp. larvae and methanotrophic bacteria remains obscure. Selective ingestion of the methanotrophic bacteria, the preferential harboring of microhabitats (spots or sedimentary layers) rich in methanotrophs, or symbiosis with these bacteria, all would be assumed to be characteristic for Stictochironomus larvae. However, the very wide variation in the δ 13 C values of Stictochironomus sp. sampled from the same habitat ( Fig. 1) suggests that the relationship between chironomid larvae and bacteria is less likely to be obligatory symbiosis, and suggests that the contribution of methanotrophic bacteria to the nutrition of this species can vary greatly, depending on micro-environmental conditions.
It is known that chironomid larvae can affect the distribution of methanotrophic bacteria in sediment (Kajan & Frenzel 1999) . Chironomid larvae were also found to be more 13 C-depleted than any obvious sources in Australian billabongs (Bunn & Boon 1993) , suggesting the probable contribution of methanotrophic bacteria. Taking into account these findings and the broad distribution of Stictochironomus species in the Holarctic region (Wiederholm 1989) , we suspect that the trophic association of some chironomids with methanotrophic bacteria may turn out to be a widespread phenomenon, and that chironomid larvae may be a key group of invertebrates in linking biogenic methane to the upper trophic levels of freshwater ecosystems.
